contemporary observer stated that approximately 200 bodies a day were being buried. 3 The disposal of so many dead ought to have left its mark in the archaeological record and, in 1986, a large cemetery was located on the site of the Royal Mint near the Tower of London, in East Smithfield. It was excavated by archaeologists from the Museum of London and, as shown in Figure 1 , it contained two mass burial trenches and a mass burial pit, densely filled with several hundred articulated skeletons, as well as many individual graves. 4 Written evidence confirms that, with West Smithfield, the East Smithfield Royal Mint cemetery was one of two emergency burial grounds created to cope with the Black Death epidemic. 5 It is currently the largest and most comprehensively excavated Black Death cemetery in England, and the majority of an estimated 2400 people buried there are believed to have died from the Black Death, of which over 600 were recovered by the Museum of London. 6 Opened in late 1348 or early 1349 by Ralph Stratford, the Bishop of London, it provides researchers and archaeologists with a unique assemblage of people who died at the peak of the Black Death epidemic in London. 7 The cause of the epidemic has recently come under scrutiny and the established view that the Black Death was caused by the bacterium Yersinia pestis has been challenged.
Plague and Yersinia pestis
From the Latin ''plaga'', meaning ''blow'', the word ''plague'' can be used in its broad sense to describe any large-scale calamity, such as an insect infestation or an epidemic disease with a high mortality rate. It is also often employed to describe a specific disease, the acute epidemic disease of rats and other wild rodents caused by the bacterium Yersinia pestis. In modern epidemics, the bacterium is usually transmitted to man by fleas-in particular by the rat flea Xenopsylla cheopis-resulting in the most common clinical form of the disease: bubonic plague. Although an uncommon occurrence in modern outbreaks, the bacterium Yersinia pestis can also enter the blood-stream (septicaemic plague) or the lungs (pneumonic plague), leading to highly fatal forms of the disease. Patients with bubonic plague are likely to suffer from high fever, delirium, aching limbs and painful swelling of the lymph nodes called buboes. In some patients, the buboes burst after a few days, releasing pus and then healing. In others, subcutaneous bleeding may occur, producing black patches that may lead to fatal ulcers. Until recently, it was widely believed that bubonic plague was behind the 1347-49 epidemic, and the presence of black subcutaneous lesions on some of the plague victims may have explained the origin of the term ''Black Death''. 8 However, some researchers have highlighted interesting differences between the epidemic of 1347-49 and more recent outbreaks of bubonic plague, raising the possibility that the bacterium Yersinia pestis was not behind the Black Death epidemic. A good review of the main arguments levelled against bubonic plague-as well as the more contagious pneumonic plague-can be found in Stephen Porter's 'An historical whodunit'. 9 Indeed, works by Graham Twigg-The Black Death-and more recently by Susan Scott and Christopher Duncan-Biology of plagues and Return of the Black Death-as well as Samuel Cohn-The Black Death transformed 10 -have challenged the established view that Yersinia pestis and bubonic plague were the cause of the fourteenth-century epidemic.
The Black Death had a devastating impact on Europe. In contrast with the epidemiology of recent outbreaks of plague, the disease appears to have killed a large proportion of the population and to have swept rapidly across the continent. Europeans are unlikely to have had any prior exposure to Yersinia pestis, which could explain the unusually high overall mortality of the Black Death epidemic. 11 As discussed by Porter, the role that rats-and their fleas-may have played in the spread of plague has come under some scrutiny by what some people have described as ''plague-revisionists''. 12 For example, the cool climatic conditions of northern Europe would have made it difficult for the rat fleas to reproduce, particularly during the winter months. 13 This ought to have hampered, if not stopped, the spread of the disease during the winter period but there appears to be no evidence of this occurring. Plague outbreaks also tend to be preceded by the presence of many dead rats, as they are themselves susceptible to the plague, but there seems to be a lack of contemporary accounts mentioning dead rats in the medieval literature.
14 In Europe, unlike Asia, there are no known plague-resistant wild rodents that would have acted as a natural reservoir for Yersinia pestis. It is difficult to explain how the bacterium continued to affect Europe for another three centuries without the presence of a local reservoir. Interestingly, despite two well-documented fifteenth-century plague epidemics in Iceland, rats are not believed to have settled on the island until much later. 15 Most of the discrepancies highlighted in the literature rely on an absence of evidence, which-as all archaeologists know-is not evidence of absence. Nonetheless, such inconsistencies certainly warrant further investigation and Yersinia pestis is no longer regarded as the only suspect. Scott and Duncan have suggested that a highly lethal and contagious virus, similar to the filoviruses responsible for haemorrhagic fevers such as Ebola, was behind the Black Death epidemic. 16 The Role of Archaeology
The investigation of ancient ''plagues'' has always relied upon a multidisciplinary approach, involving fields as diverse as ancient history and zoology. Archaeology's contribution to the investigation has the potential to be multifaceted, as it encompasses numerous sub-disciplines, many of which may be relevant to such studies.
Vertebrate and invertebrate zooarchaeology: to investigate possible disease hosts or vectors. Archaeobotany, geoarchaeology and palaeoecology: to reconstruct the climatic conditions during plague epidemics, and the impact this may have had on potential disease hosts or vectors. Urban archaeology: to establish the ''environmental'' conditions and their impact on disease biology and disease transmission such as housing, population density, town size, water supply, transport, food supply and general facilities. Material culture, burial archaeology and archaeological dating: to ascertain the date of burial sites through scientific dating and/or by the presence of artefacts, as well as any cultural information found in the burial (such as the care with which the bodies were buried or the quality and quantity of any offerings). Bioarchaeology and palaeopathology: to analyse the physical remains of the victims of the plague.
Archaeology, Climate and Vectors of Transmission
During the Black Death epidemic, Yersinia pestis is believed to have been carried primarily by rats and transmitted to humans by their fleas. As discussed above, some authors have argued against this vector of transmission, and archaeology could help researchers explore alternative hosts and vectors. Vertebrate zooarchaeology may allow us to identify the presence or availability of animal hosts, and (in the case of Yersinia pestis) the existence of any wild rodents that may act as a reservoir for the disease. The identification of rodent vectors may prove critical in the interpretation of such epidemics.
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The skeletal remains of many rodents can ''easily'' be identified through the study of their complex and characteristic dentitions. 18 It has been argued that the rat played a key role in the appearance, spread and, in particular, the disappearance of plague in Europe. The black rat (Rattus rattus) is regarded by some as the dominant reservoir of Yersinia pestis and this species may have eventually been displaced and succeeded throughout Europe by the bigger brown rat (Rattus norvegicus). As the brown rat is believed to be less likely to transmit the fleas to humans, this might have resulted in the eventual disappearance of the disease. Changes in rodent ecology may thus explain the complex patterns of eruption, disappearance and re-emergence of plague that continued in Europe over many centuries. using differences in cranial morphology. 20 Unfortunately, the patchy nature of the archaeological evidence and the contexts in which such remains may be preserved (i.e. plague pits, refuse pits and domestic habitations of the right period) make it unlikely that we will ever be able to determine any temporal and geographical changes in European rodent populations. With regards to ascertaining the origin of Rattus rattus, Anton Ervynck points out:
Generally, the dataset . . . is rather limited. This must be partly caused by unfavourable preservation conditions for small mammal bones at many archaeological sites, but is, without doubt, also linked to poor sampling and recovery methodology on previous excavations (i.e. lack of sieving). 21 Similarly, the poor preservation of invertebrates, including fleas, limits the usefulness of invertebrate zooarchaeology in the study of ancient plague. 22 Nonetheless, some invertebrates-and molluscs in particular-are well preserved, can be used to investigate past climates, and have been employed to reconstruct sea temperatures through the analysis of changes in the ratio of oxygen isotopes. 23 As climatic and environmental conditions are likely to be key factors in determining the efficiency of disease vectors (such as the ability of fleas to reproduce and survive), it may be wise to invest greater efforts in determining the climatic conditions prevalent during the plague epidemics. Indeed, the year 1348 is believed to have been unusually warm and this may have had an impact on the virulence and spread of the Black Death. 24 Palaeoclimatology employs a wide range of techniques to reconstruct past climates, including the analysis of ice cores (pollen and isotopic sampling), tree rings, lake and oceanic sediment layers (vegetation, insect, animal, pollen and isotopic sampling), molluscs (isotopic analysis) and historical documents. The climate between AD 1000 and the early 1900s appears to show periods-several decades in length-when the temperature seems to have been warmer or colder than the overall trend. Interestingly, mild episodes seem to have occurred in the early and late fourteenth century and cooler episodes in the fifteenth century and the late seventeenth century. Unfortunately, the record is poor in many areas before the seventeenth century and various uncertainties remain, including the precise nature of the climate in medieval times. 
Archaeology and the Epidemiological Environment
Archaeology may also play a part in establishing the ''epidemiological environment'' by providing researchers with an understanding of the urban environment and the social conditions prevalent at the time of a plague epidemic. This could help us determine whether past living conditions-including housing, population density, town size, water supply, transport infrastructure, food supply and general facilities-may have had an impact on the emergence and spread of a disease. Urban centres such as London have experienced periods of enormous change and growth over the past 1000 years. During the thirteenth century, the period immediately preceding the Black Death, multi-storey timber-framed buildings appeared in the streets of London in order to cope with the need for space. 26 This must have led to overcrowding and increased demand on London's infrastructures, such as water supply and the disposal of sewage, all of which are likely to have facilitated the spread of infectious disease. The London Bills of Mortality (seventeenth to nineteenth centuries) offer particular insights into diseases that cannot be detected in archaeological skeletons, such as cholera, smallpox, measles and plague. 27 The nineteenth-century population increase, for example, was accompanied by several outbreaks of typhus and cholera. 28 The creation of the London Granary in 1440 and changes in travel, trade and transport with the colonization of the New World (fifteenthcentury onwards), the expansion of the British empire (mid-eighteenth century) and the development of the railways in the nineteenth century, may have improved food availability, but must have also introduced new pathogens and vectors of disease. 29 One of the greatest improvements in health was the construction of London's modern sewage system during the 1860s, which had a fundamental impact on diseases such as cholera. With regard to the Black Death, the urban environment and social conditions prevalent at the time of the epidemic may have played an important role in the biology of the disease. Has the epidemiological environment been established with sufficient detail? How would the living conditions in major urban centres, such as the use of multi-storey timber-framed buildings in London, have affected the ecology of humans, rodents and other potential vectors of the plague? Indeed, would the houses and storage rooms have been ''suitable'' to Rattus rattus and Rattus norvegicus, or sufficiently warm for Xenopsylla cheopis to reproduce or live during the winter months? Experimental archaeology, by reconstructing a fourteenth-century house, or ethnoarchaeological research, may help establish whether medieval houses and towns provided the ''appropriate'' epidemiological environment for Yersinia pestis. 
Archaeology and the Burial Environment
Burial sites, such as plague pits, offer archaeologists the unique opportunity of studying the remains of people who died from the plague. As discussed above, one such plague pit was excavated by the Museum of London in 1986. The site contained two mass burial trenches, a mass burial pit and numerous individual graves. The interpretation of such archaeological sites, including the distribution of the skeletal remains, can be fraught with dangers. Indeed, when dealing with any archaeological site, it is important to appreciate the nature of the evidence, as non-randomness and systematic bias in an assemblage can lead to interpretation errors. 30 An assemblage is the result of culture, preservation or a mixture of both. Many factors can have an impact on the number and/or distribution of skeletal remains. The study of the processes that cause sampling bias or differential preservation is known as taphonomy, and can be highly variable on a local scale. 31 The acidity of the soil, for example, may differ across a site due to variations in underground water movements, damaging and destroying skeletons in specific areas, but not others. Out of the ''total dead population'', only a proportion is likely to have been buried at one site. There is also a progressive loss of information during and after burial, with only a percentage of the original cemetery population ending up in front of the archaeologist. This is mostly due to decay and decomposition but is also affected by the amount of post-burial disturbance, and the extent of the excavation. 32 Indeed, only a percentage of the remains will be preserved, of which only some will be discovered and recovered. Sites are often only partially excavated and material can be lost during the excavation process, resulting in an incomplete and therefore biased assemblage. At the Royal Mint for example, out of an estimated 2400 buried at the site, approximately 600 skeletons were recovered. This makes it difficult to interpret the significance of any organization within the Black Death site, such as any biological or burial-goods differences between the people buried in the individual graves, the mass burial trenches and the pit. This is especially relevant when comparing assemblages from different sites, particularly when the proportions of total buried population discovered or excavated are not the same. 33 Differences in the number of dead individuals and in mortality profiles (age and sex distribution) may be used to assess the impact of plague on different populations, but any biases not associated with the presence of plague need to be taken into account. 34 In order fully to interpret any archaeological site and, in the case of plague, determine whether it was used during an epidemic, it is important to establish the period during which the burial site was in use. As plague outbreaks tend to be catastrophic in nature, burial sites such as plague pits are used over a short period of time, as in the Royal Mint site, and determining when the site was in use may be beyond most archaeological scientific dating 30 methods (such as radiocarbon dating). Changes in grave goods (material culture) can be used to provide a ''relative'' date. This approach was recently employed by researchers examining a pit containing approximately 150 skeletons believed to have died during the plague of Athens. 35 The remains of approximately thirty small vases scattered among the bodies of the lower layers of the pit were recovered. Most of the vases were dated at around 430 BC, some within the decade of 420 BC, and a few from the last quarter of the fifth century BC. The authors suggest that the poor quality and quantity of the offerings, the hurried manner of burial, and the chronology of the burial offerings, link this site with the outbreak of the plague of Athens during the early part of the Peloponnesian War, between 430 and 426 BC. 36 In this case, the knowledge of Greek pottery chronology is fairly well established and this method offers a good alternative to conventional dating. However, this relative level of accuracy is rare and may not be adequate. As in the case of the Royal Mint site, as discussed above, historical records are usually required to identify or confirm the site as a plague burial.
Archaeology and Skeletal Remains
Burial environment and embalming practices affect the overall preservation of human remains and the information that can be derived from these remains. In most archaeological sites, the skeleton is all that survives. Soft tissues are rarely preserved, especially in Europe.
Skeletal Analysis
In order to determine the mortality profile of an assemblage, archaeologists need to establish the age and sex of each skeleton. Sex determination based on skeletal features can be problematic in some adults, and is not possible in non-adult skeletons. 37 The ageing of a non-adult skeleton is fairly accurate and is based on the development of bones and teeth. The ageing of an adult skeleton is usually based on the degenerative age-related changes that occur on parts of the skeleton where bones come into contact (i.e. joint surfaces). The most reliable areas are on the hip bone, and the changes are assigned scores. Scores are combined to provide an approximate age-at-death within a five or ten year range. 38 However, the methods employed tend to overestimate young adults and underestimate older adults, thus providing flawed mortality profiles. 39 Adults tend to be grouped into broad age categories (in years): 15-24, 25-34, 35-44, 45þ, adults or unknown. The problems inherent in these methods have created different interpretations of the mortality profile of the Royal Mint assemblage: 40 in particular, whether or not such a ''catastrophic assemblage'' reflects the once living population-this assumes that the disease responsible for the epidemic killed indiscriminately, irrespective of age or sex-and how the Royal Mint assemblage ought to differ from an ''attritional assemblage'' that accumulates over a long period (i.e. a cemetery that is used over several years, decades or centuries).
Regrettably, only a limited number of diseases affect the skeleton, and bone can only react in a limited number of ways. It can be removed, added, or a combination of both. To make matters more complex, a skeleton can be affected by more than one disease. All these factors make diagnosis difficult and, when possible, it is based on the location, distribution and nature of the changes. Unfortunately, plague (or any of the alternative candidates) does not appear to affect bone, and cannot be identified skeletally. 41 Remains with preserved soft tissue (such as natural mummification) may help diagnosis but no such specimens appear to have been found. 42 Instead, researchers have focused on trying to extract Yersinia pestis DNA from skeletal remains.
Biomolecular Analysis
Recent developments in biomolecular methods, such as polymerase chain reaction (PCR), have allowed researchers to amplify and analyse very small fragments of ancient DNA preserved within the bones and teeth of our ancestors. The publication of several ''unrepeatable'' high-profile studies and the technical difficulties of ancient DNA research (i.e. detecting small amounts of degraded DNA and the high risk of contamination) lead Alan Cooper and Hendrik Poinar to propose the following ''criteria of authenticity'': 43 7. Biochemical preservation: researchers should assess the overall preservation of amino acids and other residues to provide indirect evidence of DNA survival. 8. Quantitation: in order to eliminate the risk of sporadic contamination, the copy number of the DNA target needs to be determined using competitive PCR. 9. Associated remains: when targeting human DNA, researchers should demonstrate that similar DNA targets have survived in any associated faunal remains.
Unfortunately, these guidelines add both time and expense to any ancient DNA project and are not always fully adhered to by researchers. The uncertainties surrounding some of the published studies, the high risk of contamination and the possibility of false positive results certainly warrant the use of independent replication. If the analysis of ancient DNA is going to help us identify the disease responsible for ancient ''plagues'', researchers also need to agree on:
What constitutes a sufficient number of specimens/individuals/sites to ascertain whether a pathogen (identified by ancient DNA analysis) was responsible for a particular epidemic. What constitutes adequate control samples to test for DNA contamination.
Whether soil bacteria are a source of false positive results. If we should be collecting soil samples from the burial sites to include as control samples to test for false positive reactions.
Whether two independent laboratories should always be used to confirm the results. Whether we should be using the same approach for all ''plague'' epidemics so that results may be comparable.
With regards to detecting ''plague'' DNA, these methods have provided mixed results. Molecular identification by ''suicide PCR'' of Yersinia pestis in the pulp tissue of teeth (one child, two adults) from a large fourteenth-century plague cemetery (approximately 800 skeletons) in Montpellier, southern France, tested positive. 44 These results have generated a lot of controversy as DNA samples were not recovered and the results have never been duplicated by another laboratory. 45 Thomas Gilbert and his co-researchers tried to confirm the French research and tested 108 teeth belonging to sixty-one individuals from different European plague burial sites (thirteenth to seventeenth century). 46 They failed to amplify any Yersinia pestis DNA from the samples extracted and believe that the results proposed by Didier Raoult, Gérard Aboudharam and colleagues should be independently corroborated before confirming Yersinia pestis as the aetiological agent of the Black Death. This led to a response by Michel Drancourt and Raoult, and further comments by Gilbert and his co-researchers, 47 but many now regard the research by Raoult, Aboudharam, et al. as unsatisfactory and the jury is still out. Using the same ''suicide PCR'' approach as Raoult, Aboudharam, et al., Ingrid Wiechmann and Gisela Grupe also claim to have identified Yersinia pestis-specific DNA sequences in two sixth-century skeletons from Upper Bavaria. 48 Drancourt and Raoult have also published their own authentication criteria 49 and have alleged that the Yersinia pestis Orientalis genotype was involved in all three pandemics. 50 Recently, Drancourt, Linda Houhamdi and Raoult have proposed a new model to explain the persistence and periodic re-emergence of plague in Europe. 51 In this yet unproven model, they suggest soil as the reservoir of Yersinia pestis, burrowing rodents as a first link, and human ectoparasites as the driving force behind the pandemics. No one has attempted to extract ancient Yersinia pestis DNA from the remains of possible hosts, such as rodents, but there is no reason why the DNA should not be present in the pulp chambers of plague-infected rat teeth. Testing the method on the teeth of modern rats infected with Yersinia pestis ought to be straightforward but finding archaeological specimens of the right period, or context, may be more difficult.
Recent work investigating the plague of Athens (430-426 BC) tested three human teeth from a mass burial pit containing at least 150 individuals. 52 Interestingly, the results appear to incriminate typhoid fever as the probable cause of the epidemic. Six DNA amplifications targeted at genomic parts of the agents of plague (Yersinia pestis), typhus (Rickettsia prowazekii), anthrax (Bacillus anthracis), tuberculosis (Mycobacterium tuberculosis), cowpox (cowpox virus) and ''cat-scratch'' disease (Bartonella henselae) failed to yield any product in ''suicide'' reactions from DNA samples isolated from the three teeth. On the seventh such attempt, DNA sequences of Salmonella enterica serovar Typhi were identified. They argue that this provides clear evidence for the presence of that micro-organism in the dental pulp of the teeth recovered from the Kerameikos mass grave. These results are very interesting, but, as previously suggested, it would be useful if another laboratory repeated this work on a larger sample from a Greek site of the same period before typhoid fever is attributed as the sole ''cause'' of the plague of Athens, and thus eliminated the possibility of an isolated outbreak of typhoid fever. 53 Manolis Papagrigorakis and his co-researchers admit they did not follow all of Cooper and Poinar's recommendations (see criteria 7 and 8 above) 54 and, using phylogenetic analysis, Beth Shapiro and her colleagues have also questioned whether the DNA sequence amplified was that of typhoid. They suggest the sequence may be that of a free-living soil bacterium and, as discussed above, recommend sampling the surrounding soil as a negative control. 55 In their response, Papagrigorakis, et al. refute any environmental contamination, as they tested the soil washed off the ancient teeth, and argue that the phylogenetic analysis of a single gene may be insufficient and misleading. Nonetheless, they agree that there is, as yet, no definite proof that the plague of Athens was caused by typhoid fever. 56 
Conclusion:
The Black Death and the Epidemiological Context Over three decades before the Black Death epidemic, the Great Famine of 1315-17 had devastated northern Europe, causing great suffering and high mortality. This prolonged period of famine is regarded as one of the greatest calamities of the medieval period, but little is known about its impact on the people who survived it and how it altered the lives of Europe's inhabitants. Can we look at the Black Death epidemic without considering the effect of the Great Famine on previous generations? Did years of famine and high mortality alter the genetic makeup of northern Europeans and affect their susceptibility to an epidemic disease? Could this explain why the Black Death appears to have had a different impact on northern Europe?
Between 1315 and 1317, a series of unusually cold winters and wet summers appears to have caused a succession of failed harvests across northern Europe. 57 Records of wheat prices have been used to monitor the impact of the famine. 58 In London, for example, the price of wheat achieved unparalleled heights in July 1315, rose to its highest level between April and July 1316 and peaked once more during May 1317. 59 The moderately wealthy could not afford sufficient food and many people are believed to have died in the streets. 60 This period is also likely to have had a profound effect on the health of people who survived the famine, particularly the children growing up at the time. Recent research is investigating the impact of the Great Famine on the skeletal and dental development of individuals who grew up during the famine years, using skeletons aged between thirty and forty years at death, from the Royal Mint site. 61 The Black Death epidemic took place some thirty years after the Great Famine and any plague victim from the Royal Mint site that died in their thirties would have lived through the famine as a child. The results of this research should allow us to determine the impact of the Great Famine on the development of individuals who were children during the famine years and give us an insight into the overall health of Londoners in the fourteenth century. 62 Many archaeological sub-disciplines have a role to play in the study of ancient plagues, particularly in the investigation of the transmission and epidemiological environment of diseases, and the burial and physical remains of the victims. Understanding how ancient calamities, such as plague and famine, may have affected continents like Europe, and how pathogens may have adapted to northern conditions and changed over the past 600 years, could become more relevant than ever, particularly with the emergence of antibiotic resistant strains of bubonic plague.
